Abstract-The control of the vibration amplitude, and the resonance frequency tracking for ultrasonic transducer have been established. However, some applications require to control the vibration amplitude and its relative phase at a fixed frequency as the generation of travelling wave. In this paper, the transducer is modelled in rotating frame, and the decoupling according to two-axis allows to obtain a double independent closed loop control to address this issue. It is possible to control the transducer vibration amplitude and its relative phase, in steady state even in transient by acting on the amplitude of the supply voltage. Thanks to vector control method. This approach will be confirmed with experimental and simulation results.
I. INTRODUCTION
Currently the piezoelectric actuators take a prominent place in several fields (medicine, industry, aeronautics ...). Even if their role is important, the control of their vibration amplitude is still an issue. Several studies have been done on the control of the piezoelectric actuators by changing the supply voltage amplitude, or frequency. The control described in [1] introduces two control methods to regulate only the vibration amplitude using PI and PID controllers for machining application. In forging processes, it is possible to control the vibration velocity in quasi-static state [2] . In [3] a resonance frequency tracking system is introduced using digital circuits, by direct measurement of the phase difference between the applied voltage and the input current, the transducer is controlled at the resonant frequency. However the vibration amplitude is not controlled. In another method, the vibration motion is described in a rotating reference frame [4] , and then the control of vibration amplitude can be deduced by a simple transfer function between the supply voltage and the vibration amplitude [5] [6] [7] . The control of the vibration amplitude is established in rotating frame related to the wave. However the voltage is kept constant, then controlling the phase shift between the voltage and the wave amplitude allows the tracking of the resonant frequency. Some applications such as object transport using flexural ultrasonic travelling wave, require to control the phase and the frequency of the vibration amplitude [8] [9] . The first is the dominant factor to determine direction of the travelling wave, while the second is used to determine the transport speed. Therefore, the control of the vibration and its relative phase at a predefined frequency are necessary. In this paper, a rotating reference frame related to the frequency of the vibration wave is introduced. The complex notation of different physical variables, and the decoupling according to two-axis allow a double independent closed loop control to regulate the real and imaginary parts of the vibration amplitude, and its relative phase. At any frequency, at the resonance or not. It acts directly on the amplitude of the supply voltage as a classical electromagnetic machines [10] . In the first part, the Langevin transducer and the classical electromechanical modelling are reminded. In the second part, the modelling of the vibration amplitude in rotating frame is addressed. The identification of Langevin parameters is described in the third part. Finally the control of the vibration amplitude is illustrated with experimental and simulation results in the last part.
II. LANGEVIN TYPE TRANSDUCER
Langevin transducer was invented in 1922 [11] by Paul Langevin. Its current scope of use has significantly expanded due to its high power ratio and high energy conversion efficiency, especially for ultrasonic cleaning [12] [13], Cut or welding of thermoplastics [14] [15] . It is non-magnetic material which it is useful in MRI (Magnetic resonance imaging) environment for example [16] . This resonator consists of two piezoelectric ceramics longitudinally polarized in opposite directions; the deformations are operated in the polarization direction, which adds the deformation of both of them. These ceramics are connected mechanically in series and electrically in parallel, sandwiched between two metal masses, generally aluminium, due to the large acoustic transmission properties and its ease of manufacturing. These masses are held by a preload bolt [17] which allows pre-loading the ceramics to prevent undesirable tensile stress; they are also used to calibrate the acoustic set at a predefined frequency. 
A. Electromechanical modelling
To determine the electromechanical equivalent circuit of the transducer, we will use the propagation of elastic waves through a metal [18] in general, then adding the equations of piezoelectricity to describe the piezoelectric ceramic stress [19] . The equivalent electromechanical circuit of the Langevin transducer, according to the Mason's model is given in Fig.2 The modelling of the electromechanical coupling uses an ideal transformer, with a transformer ratio N. The electrical variables are voltage v, current i, and i m is the motional current, R 0 and C 0 represent the dielectric loss and capacitance respectively. The mechanical variables are force f , and velocityẇ. The current flowing in the secondary is analogous to the velocityẇ. The vibrating mass m is equivalent to an inductance, a kinetic force or inertia related to the vibrating actuator and reflects the dynamic nature of the structure mass noted F i , while the stiffness of the element takes the form of a capacitance c, resulting in an elastic force F e . The dissipation phenomena of mechanical origin results in damping d s which is equivalent to a series resistance [5] . The corresponding forces are denoted F r . The equation of motion about a vibration mode is given by:
w,ẇ andẅ are displacement, velocity and acceleration respectively. The equation eq.1 describes the behaviour of the vibration amplitude; it is a second order equation, forced by the voltage v and the external forces f . Thereafter this modell ing will be established in a rotating reference frame in order to obtain the transfer functions needed for the control.
III. MODEL OF THE VIBRATION AMPLITUDE OF THE LANGEVIN TRANSDUCER IN A ROTATING REFERENCE FRAME A. Equation of vibration domain in a rotating reference frame
In this paper, only harmonic vibrations are considered enabling the use of the complex notation in eq.1 with x = Xe jωt , where X = Xe jα , α and X are respectively the argument and the magnitude of X so much that:
The vibration amplitude, the supply voltage and the force generated by the actuator being respectively defined by:
where ω is the angular frequency and j = √ −1. This transformation can be illustrated as in figure 3 . In this figure the vectors V and W are rotating in the fixed frame, and fixed in the (d,q) frame. 
Along the d axis and q-axis yields:
, F q are perturbations, these assumptions lead to consider the following simplified equations:
IV. IDENTIFICATION OF A LANGEVIN PARAMETERS NEAR RESONANCE
A. Dielectric loss R 0 and blocking capacitance C 0 The dielectric resistance R 0 and the blocking capacitance C 0 can be determined by measuring the magnitude and phase of the impedance |Z| or the admittance |Y |, while varying the excitation frequency accordingly to [11] , using a Dynamic Signal Analyzer accordingly to the schematic Stanford Research -SR785.
Schematic diagram for measurement of a Langevin transducer electrical impedance
G is the voltage gain, then the impedance of transducer is given by:
The Measured and the predicted transducer admittance are shown in Fig.5 2 The resistance value is identified by the admittance at low frequency
the clamped capacitance is given by:
where ω r is resonant angular frequency, the other parameters will be determined in the operating conditions because of the non-linear behaviour of this transducer.
B. Transformer Ratio N
The transformer Ratio can be identified by measuring the ratio between the motional current i m and the vibration velocitẏ w, as shown in Fig.6 
then
at the time when C 0 dV c (t) dt = 0 (max or min of V c (t)) the measured current i(t) is equal to i m (t) then
By a direct measurement of the current, the supply voltage and the vibration velocity of the actuator thanks to interferometer (OFV-525/-5000-S), when the voltage supply is maximum or minimum we determine the transformer ratio as shown in 
C. Identification of the transfer function near resonance
The identification of parameters is established in the vicinity of the resonance, therefore the coupling term (c -mω 2 ) W d is small and can be neglected, or considered as perturbation. Then eq. 7 and eq.8 become:
The Laplace transformation gives rise to a first order equation:
with :
and
To determine the parameters of the transfer function, the actuator is placed at resonance (in open loop). The behaviour predicted by eq.19 and eq.20 is confirmed by the experimental results, which are obtained at resonance (ω = ω 0 , with ω 0 = c m ) and for a step variation of V q = 5V starting from different set points, to test the non-linearity of the transducer. This result confirms the robustness of the model and the linearity of transducer around the resonance, and will be used to determine the parameters of equation eq.19, gain G and time constant τ. The identified parameters of transducer are summarized in tab.I.
These identified parameters will be used to calculate the regulators needed for the control of vibration amplitude, and use them in the simulation phase to compare the experimental curves with theoretical results. 
V. CONTROL OF VIBRATION'S AMPLITUDE OF THE LANGEVIN TRANSDUCER
To improve accuracy and robustness of the system, a closed loop control of W d and W q is applied. The voltage V q is used to control the vibration amplitude W d eq.17, while V d is used to control the vibration amplitude W q eq.18, through a regulator C(s) for each closed loop. This control does not depend on frequency, because the vibration amplitude is not aligned to the d axis which is related to the frequency. In figure 10 the closed loop is applied by acting on the amplitude of the supply, and the angular frequency is rejected as perturbation. In order to measure the vibration amplitude, a piezoelectric Fig. 9 . schematic diagram control of the Langevin transducer patch was glued in the metal mass of the actuator, to give the image of its vibrations (Fig.1) ; it is used as a sensor under the direct piezoelectric effect. A DSP (Texas Instrument TMS320F2812), which is featuring digital to analogue converter measures W d , W q and calculates the required value for V q and V d . It is also equipped with an analogue-digital converter for processing the measured quantities (vibrations), and a Direct Digital Synthesizer (DDS) for generating a sinusoidal signal which is amplified using a linear amplifier. The description of the system is given in Fig.10 , R e is the real part of the voltage and PI (proportional integral). The measured W d and W q are obtained in rotating frame through the voltage patch detailed here after.
A. Reconstitution of the vibration amplitude in rotating frame
The piezoelectric patch generates a sinusoidal voltage V, accordingly to the direct piezoelectric effect. the real part of this voltage in a rotating reference frame is given by: 
To identify these relations, steps of voltage amplitude are applied to the transducer, and we measure the vibration amplitude and the patch voltage corresponding to these steps accordingly to Fig.12 . From this result the vibration amplitude of the transducer depends linearly on the voltage amplitude of the piezo patch. Therefore the vibration amplitude in rotating frame can be calculated.
where
are respectively the magnitude and the argument of w.
B. results and discussion
For a reference step amplitude W dre f from 1 to 2 µm, and for a reference W qre f = 0, ie a step of W from 1 to 2 µm with Φ = 0. The experimental values are well predicted by the model for the real and imaginary part of the vibration amplitude, and follow well the desired vibration as shown in Fig.13 . During the test, we applied a normal force on the transducer, this force or this load is rejected as a perturbation. on frequency as a specific applications require. These results are confirmed with experimental validation and numerical simulations showing a good performance of the identification method.
